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" OBJECTIVES

- This research is aimed at developing a methodology for predicting the performance of
unstable displacements in heterogeneous reservoirs. A performance prediction approach that
combines numerical modeling with laboratory imaging experiments is being developed.

Flow visualization experiments are being performed on laboratory corefloods using
X-ray Computed Tomography (CT) and other imaging technologies to map the insitu fluid
saturations in time and space. A systematic procedure is being developed to replicate the
experimental image data with high-resolution numerical models of the displacements. The
well-tuned models will then be used to scale the results of the laboratory coreflood
experiments to heterogeneous reservoirs in order to predict the performance of unstable
displacements in such reservoirs. ' :

SUMMARY OF TECHNICAL PROGRESS

A new procedure has been developed to simplify the analysis, numerical modeling
and scaling of laboratory coreflood experiments. The procedure consists of the following
steps:

1. Irage the coreflood by CT to obtain the temporal and spatial saturation profiles.

2. Transform the saturation profiles by means of a dimensionless self-similarity variable
to obtain a unique, dimensionless response function that is characteristic of the
coreflood. ' :

3. History-match the characteristic response function for the coreflood with a numerical
simulator. . ,

4. After a satisfactory match, compare the experimental and computed saturation
profiles and recovery curves for the coreflood.

S, Using the well-tuned numerical model, scale the results of the laboratory coreflood

-experiment to other systems.

Steps 1 through 4 of the above procedure were demonstrated in previous Quarterly
Reports (Peters 1992a, Peters 1992b). In the first report, we derived a dimensionless self-
similarity variable (xp/tpy) for two-phase immiscible displacement and used it to transform
the saturation profiles of two laboratory waterfloods in sandpacks to obtain their
characteristic dimensionless response functions (steps 1 and 2). In the second report, we
demonstrated steps 3 and 4 of the procedure by numerically simulating the two laboratory
waterfloods. In a third report (Peters 1992c), we presented and discussed heterogeneous
- permeable media to be used in implementing step 5 of the procedure. In this Teport, we will

' - present step 5 by scaling one of the laboratory waterfloods in a homogeneous sandpack to

predict its expected performance in heterogeneous permeable media.

SIMULATION OF DISPLACEMENTS

In a previous report ( Peters, 1992b), we successfully simulated an unstable
waterflood experiment in a water-wet sandpack and calculated its dimensionless response

curve (). A 2-D, x-z vertical cross-sectional grid of 53x122 was used to simuiate the 3-D
waterflood experiment. This grid was selected to coincide with the resolution of the 2-D
slices of the CT images of the waterflood. The following similarity scaling groups were

maintained the same in the simulation as in the experiment: viscosity ratio (Ho/Hw), capillary




number (N¢), gravity number (Ng), and stability number (N}. The adjustable parameters
used to accomplish the history-match were (1) the degree and structure of heterogeneity of
the porous medium as measured by the Dykstra-Parsons coefficient and dimensionless
correlation length, (2) the relative permeability curves (krw and kro), and (3) the capillary
pressure curve (Pc). A Dykstra-Parsons coefficient of 0.05 and a correlation length of zero
were used to characterize the laboratory sandpack. The relative permeability curves used in
the simulation were based on the following analytical models. ‘
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The relative permeability parameters that gave the best match of the waterflood were
kwr=0.90, n, = 3.5, kor = 0.90 and n, - 0.49. The capillary pressure curve used in the
simulation was
Pe=0.01]1-—Sw=Swi_? (3)
1 - SWI - Sor '
The numerical simulation was repeated in each of twelve heterogeneous media using |

the above relative permeability and capillary pressure curves. Table 1 lists additionai
parameters of the numerical simulations. i

RESULTS AND DISCUSSION

: Figure 1 shows the permeability maps for the twelve heterogeneous media used in the

. simulations. The degree and structure of the heterogeneity are characterized by the Dykstra-
Parsons coefficient (DP) and the dimensionless correlation length (Lx). The Dykstra-Parsons
coefficient ranged from 0.01 for a homogeneous medium to 0.87 for a highkly heterogeneous
medium. The dimensionless correlation length ranged from zero for a random permeability
distribution to 2 for a highly correlated permeability distribution. It may be seen in Figure 1
that an increase in the correlation length of the permeability field resuits in an increasingly
layered structure. Further, high Lx and DP give rise to heterogeneous media with structures
similar to the sedimentary rocks of petroleum reservoirs. Thus, high Lx and DP permeability
distributions typify petroleum reservoirs whereas low DP and high Lx distributions typify
laboratory sandpacks.

Figure 2 compares the simulated dimensionless response function for each of the
twelve heterogeneous media with that of the laboratory waterflood experiment. The
following observations can be made from these results. If the heterogeneous media are
characterized by low variability in the permeability distributions (low DP); the waterflood
response will be essentially the same as in the laboratory sandpack regardless of the structure
of the heterogeneity. This is indicated by the agreement between the simulated and the
experimental response functions in the first column of Figure 2 (DP = 0.01). If the
heterogeneous media are characterized by low correlation in the permeability distributions
(low Lx), the waterflood response will be essentially the same as in the laboratory sandpack
regardless of the variability in the permeability distributions. This is indicated by the
agreement between the simulated and the experimental response functions in the first rtow of
Figure 2 (Lx = 0). If the heterogeneous media are characterized by high variability and high
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correlation in the permeability distributions, the waterflood response could be significantly
different from that of the laboratory sandpack. This is most clearly shown by the response in
the last permeability field in Figure 2 (Lx =2 and DP = 0.87). In this case, the waterflood
response is significantly less in the heterogeneous. medium than in the laboratory sandpack.
These observations are confirmed by the oil recovery curves shown in Figure 3.

We have investigated the reason for the significant disparity in performance between
the laboratory waterflood in a relatively homogeneous sandpack and in certain kinds of
heterogenecus media. The reason for this disparity can be seen in Figures 4 and 5 which
show the simulated water saturation maps for each of the twelve heterogeneous media at 0.10
and 0.25 pore volumes injected. It is seen that the displacement in the heterogeneous media
with high DP and high Lx are dominated by channeling of the injected water due to the
permeability stratification. This results in significant bypassing of the oil in unswept layers
and consequent 10w oil recovery. By contrast, the displacemnent in the media with low DP are
characterized by excellent sweep comparable with that observed in the CT images of the
laboratory waterflood experiment. This results in a displacement performance that is
comparable to the lahoratory waterflood experiment in the sandpack. ,

CONCLUDING REMARKS

In this report, we have presented the last step of a five-step procedure for modeling
unstable displacements in heterogeneous. permeable media. An unstable laboratory
waterflood experiment in a homogeneous sandpack was scaled to predict its expected
performance in heterogeneous media. It was found that the perfcrmance of the displacement
in heterogeneous media could be significantly lower than in the laboratory experiment
~depending on the degree and structure of the heterogeneity of the media. This observation
points to the need for proper scaling when using the results of laboratory coreflood
experiments in relatively homogeneous media to forecast the expected performance in
heterogeneous media. The five-step procedure we have developed and presented in this
research can be used to accomplish this scaling and prevent erroneous performance forecasts.

NOMENCLATURE 4

DP =  Dykstra-Parsons coefficient

f = Dimensionless Response function

krw .=  Relative permeability to water

kro =  Relative permeability to oil

kwr = End-point relative permeability to water
kor =  End-point relative permeability to oil

Lx = Dimensionless correlation length in the x-direction
ng = Relative permeability exponent for oil
fiw = Relative permeability exponent for water
Nc¢ = . Capillary number

Ng = Gravity number

Ns = Stability number:

P =  Capillary Pressure

S = . Normalized water saturation

So =  oil saturation

Sor = Residual oil saturation

Sw = .. Water saturation




Swi =  Connate water saturation

tD = Dimensionless time

XD =" Dimensionless distance in the x-direction .
Ho = Oil viscosity

Hw = Water viscosity '
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TABLE 1
SIMULATION CONDITIONS -
Simulation Data
' Porous Medium '
Length . 54.53‘cm
, Diameter | . 4.8cm
Absolute Perm . 9.26 darcies
Average Porosity 296%
Swi 0.15
Fluids
Density of Displacing fluid 1.0882 g/cc
Viscosity of Displacing fluid 1.1276 cp
Density of Displaced fluid 0.9655 g/cc
Viscosity of Displaced fluid : 103.4 cp
Ho/Hw ' - 917
Ne , 4.62x10 .
N, e 1.26x10-3
Ny ‘ 0.271x103
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